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The polymerase chain reaction (PCR) was used to amplify an Escherichia coli 16S ribosomal gene fragment
from sediments with high contents of humic substances. Total DNA was extracted from 1 g of E. coli seeded
or unseeded samples by a rapid freeze-and-thaw method. Several approaches (use of Bio-Gel P-6 and P-30 and
Sephadex G-50 and G-200 columns, as well as use of the Stoffel fragment) were used to reduce interference with
the PCR. The best results were obtained when crude DNA extracts containing humic substances were purified
by using Sephadex G-200 spun columns saturated with Tris-EDTA buffer (pH 8.0). Eluted fractions were
collected for PCR analyses. The amplified DNA fragment was obtained from seeded sediments containing fewer
than 70 E. coli cells per g. Because only 1/100 of the eluted fractions containing DNA extracts from 70 cells per
g was used for the PCR, the sensitivity of detection was determined to be less than 1 E. coli cell. Thus, DNA
direct extraction coupled with this technique to remove interference by humic substances and followed by
the PCR can be a powerful tool to detect low numbers of bacterial cells in environmental samples containing

humic substances.

The polymerase chain reaction (PCR) is a very powerful
and sensitive analytical technique with applications in many
diverse fields, including molecular biology (11, 14, 22),
clinical diagnosis (1, 15, 16, 23), forensic analysis (8, 9), and
population genetics (3). Recently, the PCR has been applied
to the field of environmental sciences to detect coliforms,
fecal coliforms, and pathogenic microorganisms in water
samples (4-6, 12, 13).

Concentrating large volumes of water is an essential step
when screening water samples for pathogens by using the
PCR. Because of their chemical characteristics, humic sub-
stances are also concentrated during this process and sub-
sequently interfere with the PCR. Humic substances, mainly
humic acid and fulvic acid, are commonly found in aquatic,
soil, and sediment environments (18). It has been reported
previously that trace amounts of humic substances can
inhibit the PCR and cause false-negative results (21). In
addition, it was also found that humic and fulvic acids
reduced the efficiency of adsorption and the recovery of
poliovirus from water (17). Since humic substances become
a major concern upon the amplification of target DNA
extracted from soil or sediment samples, it is important that
humic substances be removed or attenuated from the nucleic
acid extracts to avoid inhibition of the PCR. In a previous
report, we used diluted humic extracts as templates in the
PCR to successfully detect the presence of low numbers of
bacterial cells in soil and sediments (21). However, by this
approach the sensitivity of detection decreased because of
the dilution of template to reduce interference by humic
substances. In the present work, we applied a rapid gel
filtration method to separate DNA from extracts containing
humic substances, which resulted in good PCR amplifica-
tion. Because the samples were not diluted before the PCR,
an increase in sensitivity compared with that of the previous
method was observed.
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MATERIALS AND METHODS

Sampling. Sediments were collected from a settling pond
in Oak Ridge, Tenn. (ORT), and were stored at 4°C before
analysis. These samples (pH 8.0) were, on average, 51%
water and possessed high cation-exchange capacity (34
meq/100 g) and low concentrations of sand. The weights of
all test samples were expressed as wet weights throughout
the experiments. Total DNA was extracted from 1 g (0.49 g
[dry weight]) of sediments by using a rapid method (19) and
was resuspended in 200 ul of sterile Tris-EDTA (TE) buffer
(10 mM Tris-HCI, 1.0 mM EDTA, pH 8.0). The humic
extracts were obtained from sterile unseeded sediments by
using the same DNA direct extraction method. The humic-
acid-like substances were obtained by using centrifugation,
and the pellets were air dried before quantitation. Commer-
cially available humic acid (Aldrich Chemical Co., Milwau-
kee, Wis.) was used as a standard control.

Organism. Escherichia coli 35346 (ECOR27) was obtained
from the American Type Culture Collection (Rockville, Md.)
and maintained on nutrient agar (Difco, Detroit, Mich.).
ECOR?27 cells at late exponential phase were seeded into
sterile sediment samples and enumerated by using hetero-
troph plate count techniques (2).

PCR. Total DNA extracted from ECOR27 cells was em-
ployed as the template in the PCR. A “‘hot-start’> PCR
protocol, with the appropriate oligonucleotide primers for
two 16S rRNA gene fragments (371 and 237 bp), was
performed as described by Tsai and Olson (21). PCR prod-
ucts amplified from purified DNA were visualized as single
bands on a 2% agarose gel stained with ethidium bromide.
Additionally, in order to determine the impact of humic acid
on the PCR, the magnesium ion-tolerant Stoffel fragment
(Perkin-Elmer Cetus, Norwalk, Conn.), functioning as Am-
pliTaq polymerase but without exonuclease activity, was
used with magnesium ion concentrations ranging from 2.5 to
11.25 mM. The thermocycling reaction parameters for the
PCR were always 40 cycles; one cycle is expressed as 1.5
min at 95°C for denaturation and 1 min at 62°C for annealing
and extension.
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FIG. 1. Effects of humic acid on the PCR. Shown are an autoradiogram of amplified DNA hybridization against an internal oligonucleotide
probe (A) and amplified 16S rRNA gene fragments (237 bp) on an agarose gel stained with ethidium bromide (B). E. coli genomic DNA (30
ng) was used as a template in each reaction. The amounts of humic acid tested in the experiment are as indicated. Lane M, DNA 1-kb ladder

marker (2 pg).

DNA hybridization. An internal oligonucleotide probe (20-
mer) was used to verify the PCR product. The amplified
DNA was transferred onto a nitrocellulose membrane
(Schleicher & Schuell, Keene, N.H.) by slot blotting, and
DNA hybridization was performed under high-stringency
conditions as previously described (19, 21).

DNA purification by gel filtration. For DNA purification,
crude DNA extracts from sediments were run through two
types of spun columns. Aliquots (50 pl) were loaded onto TE
buffer saturated Bio-Gel P-6 and P-30 (Bio-Rad Laborato-
ries, Richmond, Calif.) polyacrylamide gel columns. Fifty
microliters of eluents was collected after centrifugation at
1,100 x g for 10 min. Additionally, 5 ml of TE-saturated
Sephadex G-50 and G-200 (Pharmacia LKB Biotechnology
Inc., Piscataway, N.J.) was packed into 5-ml sterile sy-
ringes. To avoid false-positive results by the PCR, TE was
autoclaved and filter sterilized and all glassware was auto-
claved. A 10-min spin at 1,100 x g was carried out to remove
excess TE buffer. The final columns contained 1.5 cm of gel
beads with 1 cm of glass wool at the bottom. One hundred-
microliter aliquots of crude extracts were slowly loaded onto
the center of the column. One fraction (50 pl) of eluent was
collected for each sample after the columns were centrifuged
at 1,100 x g for 10 min, and another 10-min spin for one
additional fraction (50 wl) followed. One microliter of pooled
fraction (100 pl) was used as the PCR template to test for the
presence of target DNA.

RESULTS AND DISCUSSION

Humic-acid-like substances were found in crude DNA
extracts by using a freeze-and-thaw method (20). Because
some humic-acid-like substances were lost during the phe-
nol-chloroform extraction step, an average of 54 mg (dry
weight) of humic-acid-like substances was determined in
crude DNA extract from 1 g of ORT sediments. One
microliter (27 pg of humic-acid-like substances) of undiluted
extracts was sufficient to inhibit the PCR. For comparison,
pure humic acid (Aldrich) can suppress the PCR at concen-
trations as low as 10 ng (Fig. 1). Thus, humic acid present in
crude DNA extracts can cause major interference when
performing the PCR. Other elements, such as metal ions (7)
and fulvic acid, could also contribute to the inhibitory
effects. Possible reasons for these problems were discussed
in a previous note (21).

Figure 2 shows the amplified products after the crude
extracts were purified with Bio-Gel P-6 and Sephadex G-50
columns. Undiluted DNA extracts (200 nl) were obtained
from 1 g of sterile ORT sediment seeded with 1.5 x 108
ECOR27 cells. Because the recovery efficiency is greater
than 90% (20), it is assumed that 1 pl of crude extract
contains DNA amounting to 7.0 X 10° cells. No PCR
products were observed by using eluents from either column
as templates when reaction mixtures contained greater than
27 pg of humic-acid-like substances (Fig. 2, lanes 1 and 2 and
5 and 6). This indicates that neither column was able to
remove humic-acid-like substances sufficiently to prevent
inhibitory effects. However, positive amplification was
found when the eluents were diluted 10- to 100-fold (Fig. 2,
lanes 3 and 4 and 7 and 8). No amplification products were
detected when target DNA sequences were not present in
diluted eluents (Fig. 2, lane 9).

Figure 3 exhibits another example of the effects of humic
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FIG. 2. Effects of humic substances extracted from sterile
seeded sediments on the PCR. P-6 and G-50 represent eluents
collected from a Bio-Gel P-6 column and a Sephadex G-50 column,
respectively. Lanes (numbers in parentheses are amounts of humic-
acid-like substances determined): M, DNA 1-kb ladder marker; 1
and 5, undiluted DNA extract (54 pg); 2 and 6, undiluted DNA
extract (27 pg); 3 and 7, 107! diluted DNA extract (2.7 pg); 4 and 8,
102 diluted DNA extract (0.27 pg); 9, reaction mixture only,
without template.
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FIG. 3. Effects of Bio-Gel P-30-purified crude DNA extracts on
PCR. Lanes (numbers in parentheses are bacterial cell counts for
DNA extraction): M, DNA 1-kb ladder marker (2 pg); 1, undiluted
crude extracts from sterile unseeded sediments; 2, undiluted crude
extracts containing DNA extracted from 10° ECOR27 cells; 3,
undiluted extracts (10° cells); 4, undiluted extracts (10* cells); 5,
107! diluted extracts from sterile unseeded sediments; 6, 107!
diluted crude extracts containing DNA extracted from 10° ECOR27
cells; 7, 10~ diluted extracts (10* cells); 8, 10! diluted extracts (10°
cells); 9, 102 diluted extracts from sterile unseeded sediments; 10,
10~2 diluted crude extracts containing DNA extracted from 10*
ECOR27 cells; 11, 10~2 diluted extracts (10 cells); 12, 10~2 diluted
extracts (10 cells); 13, 30 ng of E. coli genomic DNA as the
template.

substances on the PCR by using eluent collected from
Bio-Gel P-30 columns for amplification. The crude DNA
extracts were from sterile ORT sediments seeded with
ECOR27 cells at concentrations ranging from 2.0 X 10® to
2.0 x 10'° cells per g. One microliter of undiluted extract
containing 27 pg of humic-acid-like substances and target
DNA inhibited the PCR (Fig. 3, lanes 2 to 4). Amplified DNA
fragments were detected when extracts diluted 10-fold (2.7
ng of humic-acid-like substances) containing bacterial DNA
from 10 to 10° cells were used as templates (Fig. 3, lanes 6
to 8). Higher yields of PCR products were observed as the
eluents were diluted 100-fold (Fig. 3, lanes 10 to 12). This
indicated that humic-acid-like substances at concentrations
of less than 0.27 pg/100 pl of reaction mixture did not
completely block the PCR, and thus target DNA obtained
from 100 cells was amplified. Negative controls (diluted or
undiluted extracts from unseeded sterile sediment) did not
produce PCR products (Fig. 3, lanes 1, 5, and 9). Therefore,
when P-6, P-30, and G-50 columns were used, dilution of
eluent was still necessary in order to attenuate the effects of
humic substances on the PCR.

Because humic acids could chelate magnesium ions, re-
quired by Tag polymerase, and subsequently inhibit the
PCR, an alternative AmpliTaq DNA polymerase, the Stoffel
fragment, was tested. The Stoffel fragment is characterized
by no 5'-to-3' exonuclease activity (10) and a broad MgCl,
optimum (2.5 to 5.0 mM) compared with that of AmpliTaq
DNA polymerase. It generally requires higher concentra-
tions of magnesium ions, as suggested by the manufacturer
(Perkin-Elmer Cetus). It was evidenced that higher concen-
trations (5 to 10 mM) of Mg®* cause some degree of
inhibitory effects on AmpliTaq (data not shown). In a
separate experiment, the effects of humic substances on the
PCR with the Stoffel fragment in varied concentrations of
magnesium ions were determined. E. coli genomic DNA (30
ng) served as a template in each reaction. After amplifica-

AprPL. ENVIRON. MICROBIOL.

M123456789101NIR1BKUIIIZTEH

FIG. 4. Sensitivity of detection by the PCR on Sephadex G-200-
purified crude DNA from sterile ORT sediments seeded with differ-
ent densities of ECOR27 cells. Lanes (because only 1 pl of the 100
nl of pooled eluent was used for the PCR, the numbers shown in
parentheses are the estimated counts of bacterial cells which con-
tribute DNA for the PCR): M, DNA 1-kb ladder marker (1 pg); 1 and
10, 7.0 x 107 cells per g (7.0 x 10° cells); 2 and 11, 7.0 x 10° cells
per g (7.0 x 10* cells); 3 and 12, 7.0 X 10° cells per g (7.0 x 10° cells);
4 and 13, 7.0 x 10* cells per g (7.0 x 102 cells); 5 and 14, 7.0 x 10°
cells per g (70 cells); 6 and 15, 7.0 x 10 cells per g (7 cells); 7 and
16, 7.0 x 10" cells per g (0.7 cells); 8 and 17, 7 cells per g (0.07 cells);
9 and 18, sterile unseeded controls.

tion, PCR products (237-bp fragments) were found when no
humic substances were present in the reaction mixture with
magnesium ion concentrations ranging from 2.5 to 11.25
mM. However, when the humic substances (humic acid,
>10 ng; humic-acid-like substances, >2.7 pg) were present
in the reaction mixture, no PCR product could be detected,
even at high Mg®* concentrations. No PCR product was
found when the amplification was carried out with a small
amount of humic acid (10 ng) and a high concentration of
Mg?* (11.25 mM). This illustrated that PCR inhibition prob-
ably was not due to chelation of humic acid or humic-acid-
like substances with Mg?*.

PCR results from the use of Sephadex G-200-purified
crude DNA extracts (containing 27 pug of humic-acid-like
substances per pl of crude extract) from sterile ORT sedi-
ments seeded with different cell densities (0 to 7.0 x 107 cells
per g) are shown in Fig. 4. The results indicate that inhibitory
effects were greatly reduced after purification with G-200
columns. The sensitivity of detection was determined to be
70 cells per g of sediments, as evidenced by both amplified
fragments (Fig. 4). Since only 1 pl of the 100 pl of pooled
eluent was used for amplification, the detection limit by the
PCR can also be interpreted as less than 1 bacterial cell in
template added initially for amplication (Fig. 4, lanes 7 and
16). Because one E. coli cell could contain seven copies of
the 16S rRNA gene, it is possible that DNA target sequences
from less than 1 cell could be amplified by the PCR.
However, the above sensitivity measurements do not ex-
clude the possible amplification of target DNA released from
seeded dead E. coli cells. No amplification products werc
found in sterile unseeded sediments or in sediments seeded
with 7 cells per g. No PCR products were detected from
sediments seeded with 7 cells per g, even when larger
aliquots (5 to 10 ul) of eluent were used, indicating a possible
lack of DNA templates in the eluent. Assuming the DNA
extraction efficiency is 90% (20), 6.3 cells per g were
extracted from sediment seeded with 7 cells per g. Positive
PCR product was expected with a 10-ul aliquot as the
template. However, the total DNA of 6.3 cells weighed
approximately 57 fg, which could be reduced further during
gel filtration and thus render sensitivity beyond detection by
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the PCR. Positive results were obtained by using 10 ul of
eluent from 70 cells per g of sediment as the template. These
data show that Sephadex G-200 sufficiently separates humic-
acid-like substances from crude DNA extracts so that larger
amounts (10 pl) of eluent can be applied for the PCR without
inhibitory effects.

In conclusion, Sephadex G-200 proved to be the best
column tested for the separation of humic-acid-like sub-

stances from crude DNA extracts. Because sediments con- -

taining a high content of humic substances were used for
DNA extraction with successful PCR results, this technique
could also be applied to environmental samples containing
lower contents of humic-acid-like substances, such as water
and sewage (experiments in progress). Since both methods,
that for direct extraction of DNA and that for purification of
crude DNA, are relatively fast, they can be implemented by
investigators who study in situ gene occurrence. These
methods will also be of great benefit to scientists tracking
genetically engineered microorganisms released into natural
environments.
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